Abstract. This study examines the dependence of the computed drag coefficient on wind speed, stability, fetch, flux sampling problems, and method of calculation of the drag coefficient. The analysis is applied to data collected at a tower 2 km off the coast of Denmark during the Risc Air Sea Experiment (RASEX). Various flux sampling problems are evaluated to eliminate unreliable fluxes. Large drag coefficients are observed with weak large-scale flow. However, the value of the computed drag coefficient at weak wind speeds is sensitive to flux sampling problems and the method of calculation of the drag coefficient which might be a general characteristic of weak winds. The drag coefficient is significantly larger for short fetch conditions, particularly at strong wind speeds.
use of any detrending or filtering varies between different studies so that comparison of fluxes and exchange coefficients is sometimes ambiguous. While there are no guidelines for a "standard calculation" of the flux, this study will examine the sensitivity of the flux, mean flow, and drag coefficient to the method of calculation. If the values of the flux and exchange coefficients are sensitive to the calculation procedure, then this calculation is not "well posed."
The principal difficulty in estimating fluxes is that motions simultaneously occur on a variety of scales; often small mesoscale motions occur on scales only slightly larger than turbulent scales corresponding to nonstationarity (heterogeneity) and absence of the textbook "spectral gap." The division between the turbulence and mesoscale motions is not always obvious. For example, roll vortices are generally considered as turbulence and can lead to significant flux at higher levels in the boundary layer [LeMone, 1973; Mourad and Brown, 1990] even though such motions are neither fully three dimensional nor random. However, their signal observed from tower data appears on timescales longer than that normally included as turbulence.
Significant mesoscale variability occurs in most atmospheric boundary layers even in the absence of well-defined mesoscale circulations such as sea breezes and organized moist convection [Lilly, 1983] . Mesoscale motions may be generated by a number of instabilities [Emanuel, 1983] , including gravity waves and convection waves coupled to boundary layer eddies [Haul and Clark, 1989 ]. Geernaert et al. [1987] observed oscillations of the surface stress direction over the sea with a period of 3-4 hours. Mahrt and Gibson [1992] observed.oscillations of the stress magnitude (direction was not included in their analysis) on a similar timescale at a coastal site. Both studies speculate that inertial-gravity waves at the top of the boundary layer are one possible candidate. Oscillations of the stress sometimes occur with significant differences between the wind direction and wave directions [Plant, !982; Geernaert, 1988] .
When there is significant mesoscale modulation of the turbulent flux, the computed flux is sensitive to the choice of averaging scale, particularly at weak wind speeds. For similar reasons the computation of the drag coefficient at weak wind speeds becomes sensitive to whether the wind speed is vector averaged or the instantaneous speed is averaged [Godfrey and Beljaars, 1991; Beljaars, 1995; Mahrt and Sun, 1995] , whether the cross-wind stress is included or not, and whether flux sam-
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pling criteria are applied. The present study documents these sensitivities. The question then becomes whether the increase of the drag coefficient at weak winds can be predicted with any confidence. This question will be addressed using offshore tower data from the Ris0 Air Sea Experiment (RASEX) described in section 2. Section 3 introduces the averaging procedures, and section 4 develops the framework for analysis of flux sampling errors, while section 5 examines the dependence of the drag coefficient on method of computation. Section 6 studies the dependence of the drag coefficient on wind speed, fetch, and stability.
Data
This study analyzes data from a research tower in shallow water 4 m deep located 2 km off the Danish coast and described by Barthelmie et al. [1994] and HOjstrup et al. [1995] . The data were collected during a spring period and a fall period. The fluctuating wind and virtual temperature data were measured with a Gill/Solent Ultrasonic Anemometer with an asymmetric head mounted 10 m above the sea surface. The asymmetric head was aligned such that the supporting struts did not distort the flow in the preferred wind directions. The buoyancy flux is computed using virtual temperature fluctuations from the sonic anemometer after making corrections for bending of the acoustic wave by the cross-wind flow. Temperature was measured using a platinum resistance wire (Pt100).
To correct for tilt of the sonic anemometer, a single set of tilt angles was computed using the entire data set. Using 30-min mean values, the vertical motions for the entire observational period were fit in a least squares sense to the equation w = a + bu + cv.
(1)
The regression coefficients b and c estimate the dependence of the "measured" vertical velocity on the two measured horizontal velocity components due to tilt of the sonic anemometer from true vertical. The calculation of corrected sonic velocity components is constructed by subtracting the value a and rotating the coordinate system such that the statistical influence The following analyses will apply simple unweighted averaging with a moving window of length L even though such averaging possesses a "sloppy" response function in Fourier space. Increased complexity of filters with sharper response functions does not seem justified for analysis of turbulence data since the turbulence is not periodic and is often characterized by sharp boundaries such as edges of thermals and wind gusts . Furthermore, weighted averaging does not formally satisfy Reynolds averaging, although we have found such errors to be relatively small. Detrending is not applied to the analyses reported in this study. Turbulent fluxes are then computed by averaging the product of the perturbations over period X, which can be chosen to be larger than L to increase the sample size. For example, the fluxes might be averaged over the entire record length in which case X = record length. Here X will be referred to as the flux averaging length. Averaging over length X is symbolized as ( ) so that the magnitudes of the vector averaged wind and stress are, respectively, 
Averaging

Flux Sampling Errors and Uncertainty
Three types of sampling errors must be considered in assessing the reliability of the flux measurements:
1. The systematic error is the failure to capture all of the largest transporting scales, typically leading to an underestima- 
Random Sampling Error and Nonstationarity
The ideal choice of the flux averaging length X is sufficiently long enough to reduce the random error but short enough to avoid capture of nonstationarity associated with mesoscale variability. Unfortunately, atmospheric flows are characterized by motions which simultaneously vary on a variety of scales. As a result, some motion usually appears on scales which are just larger than the largest transport scales.
The following analysis attempts to partition the variability of the turbulent flux into (1) random variability of the flux associated with random location and strength of the transporting eddies and ( If the relative nonstationarity of the flux is large, then RFE can no longer be formally interpreted as the random error which is strictly defined for stationary conditions. RFE is then interpreted more loosely as a measure of the flux variability.
In addition to the flux sampling errors described above a measure of isolated large flux events is calculated as 
Drag Coelficient
The value of the drag coefficient depends on many factors, including the wind speed, fetch and wave age, stability, method of calculation of the drag coefficient, and choice of averaging lengths. It is impossible to sort out these influences without massing an enormous data set, presently not available. The basic approach here is to display the dependence of the drag coefficient on wind speed for different classes of the other parameters. Unless otherwise noted, the local averaging length is L is 10 min and the flux averaging scale X is 1 hour.
For the weakest wind speed category the drag coefficient computed from the vector-averaged wind is more than twice that computed from the time average of the instantaneous wind (Figure 6 ). The speed of the vector-averaged wind is reduced by meandering or mesoscale modulation of the wind vector, which is important for some weak wind cases. However, most of the cases where the speed of the vector-averaged wind is significantly smaller than the speed of the instantaneous wind will be removed by the flux sampling criteria. In the Much of the decrease of the stress with increasing flux averaging scale X is due to decreasing importance of the crosswind stress which frequently switches sign. One could argue that nonzero cross-wind stress is mainly due to inadequate sample size and should be discarded. However, there appears to be a small systematic cross-wind stress. The direction of the stress vector should be closer to the wind shear direction than the wind direction which is directed to the right of the wind vector for Ekman flow in the northern hemisphere. The stress direction is also influenced by stability and baroclinity [Geernaert et al., 1993] and the direction of the waves [Rieder et al., 1994] . Removing the cross-wind stress reduces the drag coefficient at weak wind speeds (not shown) but causes little effect at moderate and strong wind speeds. That is, the relationship between the wind and stress directions becomes less systematic at weak wind speeds. During these periods the along wind stress can even be directed opposite to the wind vector for some records.
Finally, the way the averaging is conducted within each wind speed category influences the average value of the drag coefficient only for the weak wind category. The drag coefficients plotted above are simple averages of the drag coefficient for all of the records within a given wind speed category. As an alternative the stress magnitude and wind speed were first averaged over all of the records within a given wind speed category, and then the drag coefficient was computed from category averages (not shown). This drag coefficient for the weak wind speed category is significantly smaller than the average of the drag coefficient values. Again, the values of the drag coefficients for moderate and strong wind speed categories are not appreciably affected.
The above results collectively indicate that the value of the drag coefficient at weak winds is sensitive to the method used to compute the drag coefficient. In our opinion, there is no one correct drag coefficient for these cases, but rather, the drag coefficient is associated with considerable uncertainty. One can conclude that the drag coefficient increases at weak wind speeds but the exact numerical value of this increase cannot be determined. Recognizing this uncertainty, we proceed to examine the dependence of the drag coefficient on wind speed, fetch, and stability based on the usual magnitude of the vectoraveraged stress and the time-averaged wind speed. The local averaging scale L will be 10 min, and the flux averaging scale X will be 1 hour.
Dependence on Stability and Wind Direction
The historical literature (introduction) as well as the present data (Figure 8 ) suggests that the drag coefficient reaches a minimum value for mean wind speeds near 4-5 m/s. However, in the present data set, most of the weak winds are blowing from land, and part of the enhancement of the drag coefficient at weak winds could be due to fetch-limited growing waves. Asymmetric wave profiles resulting from near-resonant nonlinear wave-wave interactions in shallow water may also be important. However, some of the short fetch cases are associated with thin internal boundary layers in which case the drag coefficient may be quite different from that predicted from similarity theory. To investigate the influence of fetch, the records are divided into a long fetch class (>15 km, between 225 ø and 340 ø) and a short fetch class (<4 km, between 120 ø and 220ø). In general, the drag coefficient for the short fetch flow is indeed greater than that for the flow with long fetch (Figure 9 ), particularly at stronger wind speeds where the averaged short fetch drag coefficient is 50% more than that of the averaged long fetch value. At these strong wind speeds the flux sampling errors are generally small. The effect of stability on the drag coefficient is expected to be small at stronger wind speeds, as is suggested by the drag coefficients which were reduced to neutral stability (Figure 9 ) using similarity theory [Geernaert et al., 1986] . Therefore differences in the wave field and associated roughness seem to be the most likely explanation for the greater drag coefficients with short fetch. The estimated wave age is g/'eater than 10 for most of the present data, in which case the drag coefficient is expected to decrease with wave age [Nordeng, 1991] One explanation is that existing similarity theory is generally inadequate, which will be examined in a future study. An alternative explanation is •hat the heat and momentum fluxes are relatively small at weak winds so that the relative flux errors are large. Then the computation of the Obukhov length and reduction of the drag coefficient to the neutral value suffer large errors at weak wind speeds, while the stability correction is generally unimportant at strong wind speeds.
Conclusions
Analysis of RASEX data shows that the drag coefficient for weak winds is sensitive to the method used to calculate the drag coefficient. The value of the drag coefficient at moderate and strong wind speeds is not sensitive to the method of calculation provided that the computed perturbation flow includes all of the transporting scales. The following tendencies were observed for the class of weak wind records but were not observed for the moderate and stro.ng wind classes: Regardless of the method of calculation, the drag coefficient shows some increase at weak wind speeds. However, the uncertainty of the drag coefficient at weak winds masks any attempt to distinguish between the influences of the smooth flow ph3)sics of Liu et al. [1979] , increased roughness associated with capillary'waves [Wu, 1994] , increased role of surfactants at weak winds, or greater nonequilibrium between the wind and wave field due to larger relative influence of flow meandering. The drag coefficient also increases with increasing instability and decreasing fetch. After attempting to remove the influence of stability by reducing the drag coefficients to their n. eutral values using conventional similarity theory, significant dependence on stability remains. In fact, reducing drag coefficients to neutral values had a mhch smaller influence than eliminating records with large flux sampling errors. A future study will attempt to isolate these various influences as well as wave age and shoaling through inclusion of the wave wire data and independent estimates of the' surface stress from wind profiles.
The large scatter in the drag coefficient at weak winds in the present study contrasts with the data from Geernaert et al. [1988] and Bradley et al. [1991] , as given by Wu [1994] , where the scatter at weak winds was small. Those values of the drag coefficient were computed from the dissipation technique. However, the dissipation technique has not been calibrated for the case of very weak winds, and Geernaert et al. [1988] point out that the usual dissipation technique is justified only when the flow is near neutral and stationary. For the RASEX data, both of these conditions are violated more frequently for weak wind cases. The direct eddy correlation measurements show , large scatter at weak winds, and the drag coefficient can vary by a factor of 3 due to method of calculation. This uncertainty masks any attempts to differentiate between the smooth and rough flow predictions [Wu, 1994] and also precludes testing the dissipation method for the weak wind case.
We recommend that examination of the drag coefficient at weak wind speeds should always include sensitivity to the method of calculation, choice of averaging scale, and assessment of nonstationarity. In the present study the flux averaging scale was chosen partly by consulting the scale dependence of the correlation between the mean flow and momentum flux.
